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EXECUTIVE  SUMMARY 


OBJECTIVES 

The  principal  objective  of  this  study  was  to  record  maximum  dolphin  swimming  speeds  sustain¬ 
able  for  several  seconds  utilizing  different  motivational  strategies  for  both  captive  and  free-ranging 
dolphins.  Video  records  were  used  to  determine  relationships  between  the  various  kinematic  pa¬ 
rameters,  particularly  the  Strouhal  number,  which  characterizes  dolphin-swimming  motion.  Com¬ 
parisons  were  made,  where  possible,  with  results  from  previous  studies. 

RESULTS 

Nearly  2000  swimming-speed  measurements  were  obtained  from  recordings  of  both  captive  and 
free-ranging  dolphins.  Captive  dolphins  studied  were  Tursiops  truncatus  (bottlenose  dolphin), 
Delphinus  delphis  (short-beaked  common  dolphin),  and  Pseudorca  crassidens  (false  killer  whale). 
Free-ranging  dolphins  observed  were  Tursiops  and  Delphinus  capensis  (long-beaked  common  dol¬ 
phin).  In  all  cases,  some  form  of  motivation  was  provided  for  the  dolphins  to  swim  fast.  The  highest 
swimming  speeds  recorded  were  those  of  captive  dolphins,  and  ranged  from  8.0  to  8.2  m/s,  typically 
lasting  for  a  few  seconds. 

Several  kinematic  variables,  and  combinations  thereof,  were  determined  for  dolphins  swimming 
in  large  pools.  The  average  values  of  the  tail-beat  peak-to-peak  amplitude  (Ap.^)  for  Tursiops  trun¬ 
catus  and  Pseudorca  crassidens  were  respectively  22%  ±2%  (n=51)  and  23%  ±2%  (n=23)  of  their 
body  length.  These  values  of  agree  with  the  20%  ±3%  (n=56)  reported  by  Fish  (1993)  and  the 
19%  ±1%  (n=30)  reported  by  Kayan  and  Pyatetskiy  (1977)  for  trained  Tursiops,  also  swimming  in 
large  pools.  Corresponding  tail-beat  frequency(f)  throughout  the  velocity  range  of  present  (=  3-7.5 
m/s)  and  past  (Fish,  1993;  U  =  1-6  m/s)  Tursiops  measurements,  increase  almost  linearly  with  in¬ 
creasing  velocity  (f  «  0.34  U;  =  0.79). 

Average  Strouhal  numbers  (Ap,pf/U)  calculated  from  present  and  past  (Fish,  1993)  swimming  re¬ 
cordings  of  Tursiops  truncatus,  were  0.25  ±0.04  (n  =  51)  and  0.27  ±0.05  (n  =  56),  respectively. 
These  values  compare  well  with  the  average  Strouhal  number  of  0.25  ±0.02  (n=17)  observed  by 
Kayan  and  Pyatetskiy  (1977),  also  for  captive  Tursiops.  The  average  Strouhal  number  calculated  for 
Pseudorca  crassidens  was  0.29  ±0.04.  Average  Strouhal  values  were  within  the  0.25  to  0.35  range 
predicted  by  theoretical  models  for  maximum  propulsive  efficiency  (Triantafyllou  et  al.,  1993). 

RECOMMENDATIONS 

Although  the  fastest  swimming  speeds  reported  for  trained  dolphins  agree,  there  is  a  large  dis¬ 
crepancy  between  reported  swimming  speeds  of  trained  and  free-ranging  dolphins.  Maximum 
swimming  speeds  of  free-ranging  dolphins  are  as  much  as  two  times  that  reported  for  captive  dol¬ 
phins.  Consequently,  additional  recorded  observations  are  necessary  to  increase  confidence  in  exist¬ 
ing  measurements  of  maximum  dolphin  swimming  speeds  in  the  wild.  Because  of  the  low  probabil¬ 
ity  of  recording  maximum  speeds,  large  data  sets  using  different  motivational  strategies  are  consid¬ 
ered  essential.  A  study  of  the  relationship  between  jump  height  and  underwater  swimming  speed 
(prior  to  the  jump)  of  captive  dolphins  would  be  particularly  helpful  for  determining  the  correction 
term  required  to  infer  underwater  swimming  speed  from  jump  height.  It  would  also  be  desirable  to 
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compare  swimming  speeds  and  swimming  motion  of  dolphins  as  a  function  of  depth  to  study  the 
effect  of  wave  drag. 
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1.  INTRODUCTION 


1.1  SWIMMING  SPEEDS 

Incredible  stories  are  told  regarding  the  rapidity  of  movement  of  this  creature.  It  appears 
to  be  the  fleetest  of  all  animals,  marine  and  terrestrial,  and  it  can  leap  over  the  masts  of 
large  vessels. 


Aristotle,  on  dolphin,  Historia  Animalium 

The  previous  passage  illustrates  how  extraordinary  and  incredulous  accounts  of  the  swimming 
abilities  of  dolphins  can  be.  Since  there  is  no  evidence  that  the  muscles  of  dolphins  are  exceptionally 
powerful  (Pershin,  1988;  Fish,  1993),  reports  of  exceptionally  high  swimming  speeds  have  served  as 
an  invitation  to  look  for  some  underlying,  perhaps  yet  to  be  discovered,  drag-reducing  mechanism. 
Since  Sir  George  Cayley  (Gibbs-Smith,  1962),  almost  two  centuries  ago,  recognized  the  drag¬ 
minimizing  shape  of  dolphins,  many  additional,  naturally  evolved,  speed-enhancing  attributes  have 
been  proposed  (Kramer,  1960;  Hertel,  1963;  Webb,  1975;  Fish  and  Hui,  1991).  These  include  drag 
reduction  through  both  passive  (Kramer,  1960, 1965;  Fitzgerald  and  Fitzzgerald,  1995)  and  active 
(Lang,  1966)  compliant  skin  dampening;  dermal  ridges  (Purves  et  al.  1975);  mucus  secretions 
(Sokolov  et  al.,  1969);  boundary-layer  heating  (McGinnis  et  al.,  1972);  skin  folds  (Aleyev,  1977); 
forcing  a  turbulent  boundary  layer  (Webb,  1978);  and  producing  favorable  pressure  gradients 
through  the  oscillating  movements  of  the  animal’s  flukes  (Gray,  1936, 1957).  A  detailed  discussion 
of  these  hypothesized  drag-reducing  mechanisms  can  be  found  in  Fish  and  Hui  (1991). 

A  major  obstacle  towards  assessing  dolphin-swimming  capabilities  is  the  difficulty  in  accurately 
measuring  burst  speeds,  i.e.,  maximum  speeds  sustainable  for  a  few  seconds.  Vogel  (1994)  has  sug¬ 
gested  that  reports  of  speeds  of  swimming  organisms  often  include  so  many  egregious  overestimates 
that  extreme  skepticism  is  generally  recommended  when  dealing  with  the  literature.  Fish  (1992)  has 
specifically  questioned  swimming  speed  measurements  based  on  observations  from  ships,  airplanes, 
and  the  shoreline,  because  these  estimates  were  often  determined  without  fixed  reference  frames, 
information  on  currents,  or  the  use  of  accurate  timing  instruments.  Consequently,  the  most  reliable 
dolphin  burst  swimming-speed  data  to  date  have  been  obtained  from  trained  animals  swimming  in  a 
free-ranging  environment  (Lang  and  Norris,  1966;  Lang  and  Pryor,  1966).  However,  it  has  been 
noted  that  trained  animals  may  not  be  suitably  motivated  to  swim  at  their  maximum  potential  (Lang, 
1963;  Lang  and  Daybell,  1963;  Lang,  1975).  Measurements  in  captivity  are  further  criticized  be¬ 
cause  of  the  limited  pool  size  (Lang,  1975)  and  the  shallowness  of  the  water  depth  (Purves  et  al., 
1975).  In  addition,  since  captive  animals  are  deprived  of  the  main  stimulus  for  high-speed 
swimming  provided  by  nature  (i.e.,  catching  food  and  fleeing  predators),  there  is  the  question  as 
to  whether  or  not  captive  animals’  athletic  condition  is  generally  as  good  as  dolphins  in  the  wild 
(Gray,  1957;  Pershin,  1988). 

A  wide  range  of  reported  swim  data  for  the  dolphin  species  observed  here  is  compiled  in  table  1. 
Swimming  speeds  in  table  1  are  grossly  distinguished  by  the  length  of  time  which  they  were  thought 
to  be  sustained,  and  are  simply  referred  to  as:  1)  burst — supportable  for  a  few  seconds;  2)  maximum 
sustained — supportable  for  minutes;  and  3)  average  cruising — supportable  for  hours.  One  characteri¬ 
zation  of  the  flow  around  the  dolphin  is  the  Reynolds  number  (Re)  a  dimensionless  number  that  re¬ 
flects  the  ratio  of  the  inertial  and  viscous  forces.  The  Reynolds  number  is  defined  as: 
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Re  =  LU/v, 


(1) 


where  L  is  the  length  of  the  dolphin,  U  is  the  average  swimming  speed  of  the  dolphin,  and  v  is  the 
kinematic  viscosity  of  seawater.  For  the  high  Reynolds  number  flow  around  the  dolphin,  typically  of 
the  order  10*,  mechanical  power  output  is  nearly  proportional  to  the  cube  of  the  velocity  (Shapiro, 
1961;  Fish,  1993).  Consequently,  a  factor  of  two  discrepancy  in  swimming  speed  (such  as  seen  in 
table  1  for  Tursiops  truncatus)  results  in  about  a  factor  of  eight  in  the  animal’s  power  requirements. 

The  present  swimming-speed  data  were  obtained  from  the  following  three  sources:  1)  video  re¬ 
cordings  of  captive  dolphins,  which  include  bottlenose  dolphins  (Tursiops  truncatus),  a  short-beaked 
common  dolphin  (Delphinus  delphis),  and  a  false  killer  whale  (Pseudorca  crassidens)  trained  to 
swim  fast;  2)  video  recordings  of  the  release  of  free-ranging  dolphins  (Tursiops)',  and  3)  open-ocean 
aerial  photogrammetry  of  a  school  of  long-beaked,  common  dolphins  (Delphinus  capensis)  re¬ 
sponding  to  the  sound  of  an  approaching  airplane.  Although  one  or  more  of  the  previous  criticisms 
concerning  the  determination  of  burst  swimming  speed  equally  applies  to  the  present  study,  it  is  nev¬ 
ertheless  believed  that  through:  1)  utilizing  different  motivational  strategies;  2)  obtaining  a  large 
number  of  swimming-speed  measurements  of  both  free-ranging  and  trained  dolphins;  and  3)  re¬ 
cording  the  observations  on  film  or  tape  for  repeated  swimming-speed  analysis,  the  present  effort 
will  contribute  towards  a  richer  data  base  from  which  dolphin  swimming  capabilities  may  be  more 
reliably  assessed. 

1.2  STROUHAL  NUMBER  AND  SWIMMING  KINEMATICS 

If  the  premises  of  the  theory  are  correct,  then  the  undulating  animal,  aided  by  its  intricate 
sensory  system,  may  be  able  to  reextract  a  portion  of  the  kinetic  and  pressure  energy  stored 
within  the  vortex,  and  regeneratively  use  it  again  for  propulsion.  This,  rather  than  laminar  flow, 
may  be  the  explanation  for  the  great  efficiency  with  which  it  is  thought  fishes  and  dolphins  swim. 

Rosen,  Water  Flow  About  a  Swimming  Fish  (1959) 

In  addition  to  the  aforementioned  drag-reducing  mechanisms  proposed  to  explain  reports  of  ex¬ 
traordinary  dolphin  swimming  speeds,  a  highly  efficient  propulsive  method  using  vorticity  control, 
has  also  been  postulated.  Almost  40  years  ago,  Rosen  (1959, 1961, 1963)  discovered,  through  a  se¬ 
ries  of  innovative  flow  visualization  experiments,  a  system  of  vortices  appearing  along  the  sides  of 
swimming  fish  and  dolphins.  Rosen  (1959,  1961, 1963)  hypothesized  that  some  of  the  rotational 
energy  surrounding  the  undulating  motion  of  a  fish  or  dolphin  could  be  regained  for  propulsion 
through  proper  synchronization  of  the  animal’s  body  to  the  vortex  flow.  Rosen  (1959,  1961)  further 
deduced,  based  on  what  he  referred  to  as  his  “vortex  peg  theory”  of  undulatory  propulsion,  an  equa¬ 
tion  for  dolphin  and  fish  motion.  This  equation  predicted  swimming  speed  to  be  proportional  to  the 
product  of  the  tail-beat  amplitude  (extreme  position  to  centerline)  and  frequency.  Rosen  (1959, 

1961)  referred  to  this  proportionality  as  the  “fish”  constant  and  hypothesized  that  it  was  nearly  the 
same  for  fish  and  dolphins. 
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Table  1 .  Range  of  relevant  dolphin  swimming  speeds  reported. 
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Table  1.  Range  of  relevant  dolphin  swimming  speeds  reported.  (Continued) 
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A  similar  conclusion  was  further  developed  by  Triantafyllou  et  al.  (1993).  Through  theoretical 
and  experimental  studies  of  the  dynamics  of  the  wake  of  an  oscillating  foil,  Triantafyllou  et  al. 
(1993)  concluded  that  optimal  propulsive  efficiency  is  achieved  when  the  principal  wake  parameter, 
the  Strouhal  number  (St),  is  between  0.25  and  0.35.  The  Strouhal  number  is  a  dimensionless  number, 
representing  the  ratio  of  unsteady  and  steady  motion.  Applying  these  results  to  the  swimming  char¬ 
acteristics  offish  and  dolphins,  Triantafyllou  et  al.  (1993)  defined  the  corresponding  Strouhal  num¬ 
ber  for  swimming  as: 


St  =  A^pf/U,  (2) 

where  A  is  the  tail-beat  peak-to-peak  amplitude  (the  distance  from  the  peak  of  the  tail  fluke  up¬ 
stroke  to  the  peak  of  the  tail  fluke  downstroke),  f  is  the  tail-beat  frequency,  and  U  is  the  average 
swimming  speed.  Similar  combinations  of  these  kinematic  swimming  parameters  have  been  previ¬ 
ously  made  to  characterize  the  swimming  motion  of  fish  (Rosen,  1959, 1963;  Pyatetskiy,  1970; 
Webb,  1975),  dolphins  (Semonov  et  al.  1974;  Kayan  and  Pyatetskiy,  1977),  and  athletes  (Pershin, 
1988),  but  not  within  a  rigorous  theoretical  context  for  swimming  efficiency. 

Through  analysis  of  swimming  observations  of  the  fish  and  dolphins  reported  throughout  the  lit¬ 
erature  (Reynolds  numbers  between  10“  and  10‘),  Triantafyllou  et  al.  (1993)  calculated  correspond¬ 
ing  Strouhal  values.  Generally,  they  found  Strouhal  numbers  between  0.25  and  0.35,  as  predicted  by 
their  theory.  For  fish  and  dolphin  swimming  in  various  carangiform  modes,  additional  corroboration 
can  be  found  in  the  table  of  swimming  speeds,  tail-beat  frequencies,  and  tail-beat  amplitudes  com¬ 
piled  by  Webb  (1975),  and  the  Strouhal  versus  Reynolds  figures  presented  by  Pershin  (1973, 1988). 
Although  most  of  the  Strouhal  numbers  comprising  these  data  sets  are  between  0.25  to  0.35,  a  sub¬ 
stantial  fraction  lies  within  the  ranges  0.20  to  0.25  and  0.35  to  0.40. 

The  dolphin  Strouhal  data  of  Triantafyllou  et  al.  (1993)  consist  of  two  values  obtained  from 
analysis  of  traces  (Lang  and  Daybell,  1963;  figures  16, 21)  taken  from  motion  picture  frames  of  a 
2.03-meter  Pacific  whitesided  dolphin  (Lagenorhyncus  obliquidens)  swimming  within  a  pool.  One 
Strouhal  number  value,  0.32,  corresponded  to  dolphin  swimming  while  wearing  a  1.91 -cm  diameter 
drag  collar.  The  remaining  Strouhal  number  value,  0.30,  corresponded  to  swimming  without  the  drag 
collar. 

The  Strouhal  numbers  presented  here  were  calculated  from  recordings  of  bottlenose  dolphins 
(Tursiops  truncatus)  and  false  killer  whales  {Pseudorca  crassidens)  swimming  in  large  pools  (cour¬ 
tesy  SeaWorld  at  San  Diego,  SeaWorld  of  Florida,  and  the  National  Aquarium).  These  data  signifi- 
cantiy  expand  the  dolphin  Strouhal  data  set  of  Triantafyllou  et  al.  (1993),  increasing  the  number  of 
observations  (100-fold),  species  (3-fold),  and  range  of  Reynolds  number  (10-fold).  Functional  rela¬ 
tionships  between  the  kinematic  parameters  comprising  the  Strouhal  number  are  also  examined. 
Specifically,  tail-beat  amplitude  and  tail-beat  frequency  are  plotted  as  a  function  of  swimming  speed. 
For  comparative  reasons,  the  dolphin  Strouhal  number  and  swimming  kinematic  data  of  Lang  and 
Daybell  (1963;  figure  21)  and  Kayan  and  Pyatetskiy  (1977;  figures  2  and  3)  are  included. 
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2.  MATERIAL  AND  METHODS 


2.1  TRAINED  DOLPHINS-SWIMMING  PERFORMANCE  TESTS 

2.1.1  Dolphins 

Eight  trained  dolphins  consisting  of  six  bottlenose  dolphins  (Tursiops  tmncatus),  one  short- 
beaked,  common  dolphin  (Delphinus  delphis)  and  one  false  killer  whale  {Pseudorca  crassidens) 
were  filmed  at  the  San  Diego  SeaWorld  facility  to  investigate  burst  swimming  capabilities.  In  addi¬ 
tion  to  performing  in  shows,  the  dolphins  in  this  study  participated  in  training,  play,  relationship, 
husbandry,  and  exercise  sessions  on  a  regular  basis.  Approximately  18  to  20  hours  of  their  day  con¬ 
sisted  of  nonstructural  play,  free  and  rest  time.  The  dolphins  subsisted  on  a  diet  of  herring,  smelt, 
mackerel,  and  squid  supplemented  with  vitamins  dispersed  at  irregular  intervals  throughout  the  day. 
Morphological  measurements  for  each  animal,  designated  by  ID  number,  are  summarized  in  table  2. 
Body  length  (L)  is  defined  as  the  linear  distance  from  the  rostral  tip  to  the  fluke  notch. 

To  maintain  physical  fitness,  the  dolphins  perform  “fast  swims”  around  the  circumference  of  the 
main  performance  pool  in  their  daily  exercise  routine  and  in  shows.  Initial  training  involved  in¬ 
structing  the  animals  to  accelerate  quickly  and  touch  their  rostrum  to  a  target  attached  to  the  end  of  a 
pole  held  several  meters  out  in  front  of  them.  Through  successive  approximations  of  positioning  the 
target  farther  and  farther  away,  the  dolphins  were  trained  to  swim  fast  upon  command.  The  dolphins 
normally  swam  about  0.5  m  below  the  surface  of  the  water  and  a  meter  from  the  pool  walls.  When 
the  dolphins  were  not  swimming  at  what  the  trainers  judged  to  be  at  or  above  criteria,  the  trainers 
would  slap  the  pole  on  the  surface  of  the  water  to  induce  the  dolphins  to  swim  more  rapidly.  Trainers 
frequently  sent  the  dolphins  (Tursiops  tmncatus)  in  pairs  to  provide  additional  incentive  to  swim 
fast.  A  wide  variety  of  rewards  including  tactile  stimulation,  environmental  enrichment  devices,  and 
food  were  given  for  appropriate  behaviors  on  a  variable-ratio  reinforcement  schedule. 

For  performance  in  the  daily  shows,  some  of  the  Tursiops  truncatus  were  also  trained  to  jump 
vertically  out  of  the  water  and  touch  their  rostrum  to  a  flag  suspended  at  a  known  height  over  the 
center  of  the  performance  pool.  During  the  early  stages  of  training,  the  pole  was  held  close  to  the 
surface  of  the  water  and  then  gradually  elevated  to  higher  levels  as  the  animals  reached  the  flag. 

After  approximately  3  months  of  training,  a  flag  height  was  attained  in  which  the  dolphins  were  in¬ 
capable  of  reliably  jumping.  For  the  shows,  the  flag  was  positioned  at  about  90%  of  the  maximum 
height  reached  during  the  practice  sessions.  At  this  height  the  dolphins  would  be  challenged,  yet  still 
achieve  their  goal  fairly  consistently. 

The  dolphins  were  housed  in  a  1.2-million-gallon,  four-pool  complex  with  water  temperatures 
ranging  between  12"  and  21°  C.  Video  sequences  were  recorded  in  the  semicircular  main  perform¬ 
ance  pool  measuring  38  m  long  and  15  m  wide,  with  a  maximum  depth  of  8.5  m  at  the  center  of  the 
pool.  Along  the  borders  of  the  pool  where  the  dolphins  swam,  the  depth  was  about  7.8  m.  The  curved 
portion  of  the  pool  was  constructed  of  plexi-glass  panels,  1.7  m  wide,  separated  by  0.2  m  wide  posts 
allowing  for  an  essentially  unobstructed  view  of  the  animals  as  they  swam. 
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Table  2.  Vital  statistics  of  SeaWorid  dolphins. 


Dolphin 

ID# 

Species 

Sex 

Age 

(years) 

Length 

(cm) 

Weight 

(kg) 

9026 

Tuisiops 

truncatus 

M 

3.5 

205.7 

149.2 

8926 

Tursiops 

truncatus 

F 

4 

248.9 

146.9 

8003 

Tursiops 

truncatus 

F 

17 

256.5 

187.8 

8527 

Tursiops 

truncatus 

F 

8.5 

258.6 

212.3 

8738 

Tursiops 

truncatus 

F 

16 

269.2 

219.1 

8128 

Tursiops 

truncatus 

F 

13 

294.6 

256.3 

8736B 

Delphinus 

delphis 

M 

15 

182.8 

104.8 

8826 

Pseudorca 

crassidens 

F 

10 

365.8 

461.8 

2.1.2  Swimming  Speed  Measurements 

Dolphin  swimming  speeds  were  recorded  on  videotape  with  a  Panasonic  AG- 180  camcorder  at  a 
rate  of  30  frames  per  second  and  analyzed  using  a  Panasonic  AG-7300  VCR.  The  camcorder  was 
positioned  in  the  upper  stands,  23  m  from  the  performance  pool,  allowing  for  a  clear  view  of  the 
entire  area.  Dolphin  speeds  were  calculated  along  two  different  sections  of  the  pool,  either  a  straight 
8.0-m  portion  along  the  back  stone  wall  or  a  curved  5.5-m  stretch  behind  the  front  plexi-glass  wall. 
The  animals  were  allowed  several  seconds  to  accelerate;  only  video  sequences  in  which  the  dolphins 
appeared  to  maintain  a  constant  speed  and  horizontal  trajectory  were  used. 

Swimming  speed  was  determined  by  dividing  the  length  of  the  marked  section  through  which  the 
dolphin  swam  by  the  time  that  it  took  the  dolphin  to  swim  across  it.  Time  was  determined  from  the 
frame  rate.  Dolphin  swimming-speed  measurements  taken  from  the  video  could  be  accurately 
repeated  to  within  a  few  percent.  To  assess  how  the  plexi-glass  panels  and  the  recording  position 
affected  the  swimming-speed  calculations,  video  recordings  of  a  cast  model  of  a  dolphin  dorsal  fin 
were  made  as  it  was  moved  along  the  normal  swimming  trajectory  of  the  dolphin.  The  difference  in 
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distance  between  the  actual  position  where  the  cast  fin  crossed  the  reference  marks  and  that  deter¬ 
mined  from  the  video  recordings  was  insignificant. 

2.1.3  Swimming  Speed  inferred  From  Jump  Height 

Lang  and  Daybell  (1963)  have  proposed,  for  the  vertical  jumps  of  dolphins,  the  following  re¬ 
lationship  between  underwater  swimming  speed  and  jump  height: 

1/  2mU^  -I- 1/  sDL  =  mgh, 

W/ 

where  g  is  gravity  and  m,  L,  U,  D,  and  h  are  respectively  the  dolphin’s  mass,  length,  underwater 
swimming  speed,  underwater  drag,  and  maximum  height  of  its  center  of  mass  from  the  water  sur¬ 
face.  The  correction  term  i/sDLis  included  in  an  attempt  to  account  for  the  excess  of  thrust  (flukes 
are  still  beating  in  the  water)  over  drag  (the  kinematic  viscosity  of  air  is  about  70  times  less  than 
seawater)  that  occurs  as  the  dolphin  breaks  the  water  surface.  Without  the  correction  term,  U  is  more 
representative  of  the  speed  of  the  dolphin  at  water  emergence  than  its  swimming  speed  beneath  the 
surface  (Lang,  1966).  To  estimate  the  underwater  drag  (D),  the  following  empirical  relationship 
(Fish,  1993)  between  thrust  power  (P,.,  watts)  and  swimming  velocity  (U,  m  s  ')  was  used: 

P.r  =  28.87U'-"'.  (4) 

At  constant  swinnning  velocity,  the  thrust  power  equals  the  product  of  the  drag  and  the  velocity; 
consequently,  equation  (4)  can  be  rewritten  as: 


D  =  P/U  =  28.87  U'”. 


(5) 


To  calculate  maximum  swimming  speed  (U)  from  maximum  center  of  mass  jump  height  (h) 
equation  (5)  was  substituted  into  equation  (3)  and  solved  iteratively.  Center  of  mass  jump  heights 
were  obtained  from  the  following  equation: 

h  =  H-0.45L,  (6) 

where  H  is  the  maximum  flag  height  that  the  dolphin  could  touch  with  the  tip  of  its  rostrum,  L  is  the 
dolphin  length,  and  0.45L  is  the  estimated  distance  between  the  rostrum  tip  and  the  center  of  mass  of 
the  dolphin  (Fish,  unpublished  data).  Note,  the  underwater  swimming  speed  calculation  is  sensitive 
to  the  value  of  the  correction  factor  in  equation  (3),  which  is  an  educated  guess,  as  well  as  how  the 
jump  height  is  defined. 

2.1.4  Strouhal  Number 


A  Sony  CCD-TR81  camcorder  was  used  to  record  swimming  sequences  of  Tursiops  truncatus 
and  Pseudorca  crassidens  at  a  rate  of  30  frames  per  second  for  Strouhal  calculations.  The  camera 
was  positioned  about  5  m  from  the  plexi-glass  wall  of  the  pool,  allowing  for  a  clear  view  of  three 
panels.  Strouhal  number  calculations  required  measurements  of  the  animal’s  speed,  tail-beat  fre¬ 
quency  (f)  and  peak-to-peak,  tail-beat  amplitude  (Ap-p).  Again,  only  video  sequences  in  which  the 
animals  appeared  to  be  swimming  horizontally  at  a  constant  speed  were  used. 

Strouhal  numbers  were  calculated  from  the  kinematics  obtained  from  video  recordings  using  a 
Panasonic  AG-7300  VCR.  Swimming  speed  was  determined  as  described  previously.  Tail-bearife- 
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Strouhal  numbers  were  calculated  from  the  kinematics  obtained  from  video  recordings  using  a 
Panasonic  AG-7300  VCR.  Swimming  speed  was  determined  as  described  previously.  Tail-beat  fre¬ 
quency  was  calculated  by  dividing  the  frame  rate  by  the  number  of  frames  comprising  a  single  com¬ 
plete  oscillation  of  the  tail.  Tail-beat  peak-to-peak  amplitude,  along  with  a  previously  measured  ref¬ 
erence  length  marked  on  the  pool  wall,  were  measured  directly  on  the  television  monitor  screen.  The 
reference  length  was  recorded  inside  and  outside  the  pool  to  account  for  refraction  effects.  The  refer¬ 
ence  length  provided  a  means  for  converting  lengths  measured  on  the  monitor  screen  to  actual  dis¬ 
tances  in  meters.  When  Strouhal  number  calculations  were  repeated,  swimming  speed  and  tail-beat 
frequencies  showed  excellent  agreement,  but  for  tail-beat  amplitudes,  differences  of  10  to  20%  were 
not  uncommon.  This  uncertainty  resulted  from  insufficient  screen  resolution,  framing  rate,  and  the 
proximity  of  the  tail  to  the  water  surface. 

2.2  FREE-RANGING  DOLPHINS— CAPTURE  AND  RELEASE 

Since  1970,  subsets  of  the  resident  population  of  bottlenose  dolphins  {Tursiops  truncatus)  inhab¬ 
iting  the  near-shore  waters  of  Sarasota  Bay,  Florida,  have  been  captured  for  physiological  measure¬ 
ments  (Wells,  Scott,  and  frvine,  1987;  Scott,  Wells,  and  Irvine,  1990).  Motivation  to  record  the  ani¬ 
mals  upon  release  derived  from  past  accounts  of  what  appeared  to  be  extraordinarily  fast  swimming 
speeds.  Table  3  lists  morphological  characteristics  of  the  released  animals  (designated  by  number) 
typically  released  1  to  2  hours  after  capture. 


Table  3.  Vital  statistics  of  Sarasota  Bay  bottlenose  dolphins  (T ursiops  truncatus). 


Date  of 
Capture 

Dolphin 

ID# 

Sex 

Age 

(years) 

Length 

(cm) 

Weight 

(kg) 

3  Jun  93 

14 

M 

ND 

263.5 

209.0 

3  Jun  93 

94 

M 

ND 

257.5 

192.0 

3  Feb  94 

55 

F 

8 

239.0 

179.0 

4  Feb  94 

66 

M 

10 

243.0 

195.0 

5  Feb  94 

92 

M 

6 

215.0 

127.0 

8  Feb  94 

66 

M 

10 

243.0 

191.0 

8  Feb  94 

33 

F 

12 

250.0 

186.0 

8  Feb  94 

32 

M 

4 

240.0 

190.0 

6  Jun  94 

131 

F 

6 

226.0 

141.0 

6  Jun  94 

24 

M 

5 

228.5  . 

136.0 

14  Jun  94 

38 

M 

20 

283.0 

264.0 

14  Jun  94 

17 

F 

33 

262.0 

208.0 
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Table  3.  Vital  statistics  of  Sarasota  Bay  bottlenose  dolphins  (Tursiops  truncatus).  (Continued) 


Date  of 
Capture 

Dolphin 

ID# 

Sex 

Age 

(years) 

Length 

(cm) 

Weight 

(kg) 

17Jun94 

3 

F 

5 

207.0 

112.5 

17Jun94 

60 

M 

34 

ND 

ND 

17Jun94 

63 

F 

40 

ND 

191 

17Jun94 

138 

M 

2 

201.0 

86 

Note:  ND  =  Not  determined  at  capture  date. 


The  dolphin’s  release  was  recorded  with  a  Sony  CCD-TR81  camcorder  suspended  from  an  aerostat 
between  45  to  60  m  above  the  release  point.  The  camcorder  rate  was  30  frames  per  second.  The 
aerostat  was  ellipsoidal  in  shape,  about  6  m  long,  3  m  wide,  and  was  tethered  to  a  7.5-m  long  boat 
anchored  near  the  release  point.  When  inflated  with  1000  m^  of  helium  gas,  the  balloon  was  capable 
of  supporting  the  video  camera,  mechanisms  for  tilt  and  pan  maneuvering,  cable,  and  tether  (ap¬ 
proximately  10  kg  total).  A  television  monitor  attached  by  a  coaxial  cable  to  the  camcorder  enabled 
adjustment  of  the  camera  orientation  so  that  at  release  time,  the  dolphin  was  centered  within  the 
field-of-view  of  the  camera.  A  2.2-m  pole  was  positioned  near  the  dolphin  release  point  to  serve  as  a 
reference  length.  One  end  of  the  pole  also  served  as  the  origin  from  which  all  x-y  pixel  locations 
were  referenced  during  analysis. 

Using  a  Panasonic  AG-7300  video  recorder  and  Video  Blaster  card  (Creative  Inc.)  on  a  486  IBM 
computer,  individual  frames  of  the  dolphin  release  sequence  were  digitized  for  analysis.  Swimming- 
speed  sequences  were  analyzed  only  when  the  dolphin  was  clearly  identifiable,  appeared  to  be 
moving  at  constant  speed  along  a  straight  path,  and  where  the  motion  of  the  balloon  was  not  detect¬ 
able.  The  x-y  pixel  coordinates  of  one  end  of  the  reference  pole  and  the  rostrum  of  the  dolphin  were 
digitized  in  each  video  frame  of  interest.  This  allowed  calculation  of  the  pixel  distance  that  the  dol¬ 
phin  traveled  between  frames.  The  corresponding  physical  distances  swam  by  the  dolphin  were 
achieved  through  digitizing  the  ends  of  the  2.2-m  reference  pole.  Velocities  were  calculated  by  con¬ 
verting  pixel  distance  to  meters  and  dividing  by  the  elapsed  time  between  corresponding  video 
frames.  When  an  independent  researcher  using  a  different  digitizing  program  reanalyzed  the  fastest 
dolphin  video  sequences,  swimming  speeds  were  within  5%. 

2.3  FREE-RANGING  DOLPHINS— RESPONDING  TO  AIRPLANE 

Aerial  photographs  of  a  school  of  long-beaked,  common  dolphins  (Delphinus  capensis)  were 
taken  offshore  of  Morro  Bay,  California,  on  23  April  1995.  The  school  was  estimated  to  comprise  of 
about  700  animals,  including  mothers  and  calves.  Photographs  were  taken  with  a  high-resolution, 
126-mm  (5-inch)  format  Chicago  Aerial  Industries  KA-76  military  reconnaissance  camera.  The 
camera  was  mounted  vertically  above  the  floor  port  of  a  twin-engine  Partanavia  “Observer”  airplane. 
Dolphin  school  photographs  were  taken  between  the  altitudes  of  120  to  145  m  and  at  a  ground  speed 
of  213  km/hr.  The  camera  had  a  fixed  152-mm  lens.  During  flights,  photographers  adjusted  the  cam¬ 
era  f-stop  (to  4.0  or  5.6)  and  shutter-speed  (range:  l/15(X)th  to  l/2000th)  based  on  ambient  light  con- 
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ditions.  The  camera  also  featured  forward-motion  compensation  that  eliminates  photograph  image 
“blur”  resulting  from  the  forward  movement  of  the  aircraft  (Smith,  1968;  Cox  1992). 

The  camera  cycle  rate  was  programmed  to  expose  for  approximately  80%  film  image  overlap, 
(i.e.,  80%  of  the  area  photographed  in  one  frame  was  photographed  again  in  the  next  successive 
frame  and  so  on).  Successive  exposed  frames  over  the  dolphin  school  were  recorded  as  a  complete 
“photo-pass.”  A  photo-pass  typically  contained  21  to  35  exposed  frames  of  the  school.  For  this  re¬ 
port,  five  photo-passes  were  completed.  To  facilitate  the  simultaneous  recording  of  time  and  altitude 
data  with  each  camera  exposure  (or  photo-frame)  of  the  dolphin  school,  an  electronic  “Tattletale” 
analog  to  digital  signal  converter  was  interfaced  with  a  Honeywell  radar  altimeter,  the  aerial  camera 
and  a  laptop  computer.  Targets  of  known  length  were  photographed  at  various  altitudes  and  used  to 
make  small  corrections  to  the  radar  altimeter  data  (Ghosh,  1988;  Gilpatrick,  1996).  For  a  200-cm 
target  placed  at  the  sea  surface  and  photographed  from  an  altitude  of  21 1  m,  the  variance  in  the  re¬ 
corded  altitude  data  translated  to  an  error  of  ±0.9  cm  (or  ±0.45%)  of  the  estimated  length. 

Dolphin  swimming  speed  was  determined  by  calculating  the  time  it  took  a  dolphin  to  swim  a 
measured  straight-line  distance.  To  accomplish  this,  the  film  reader  would  start  at  the  beginning  of  a 
photo-pass,  identify  a  dolphin  and  make  a  pen-mark  on  an  acetate  overlay  at  the  tip  of  the  dolphin’s 
rostrum,  and  note  the  time  of  the  photograph  (recorded  to  1/100  s  on  the  laptop  computer).  The 
reader  would  then  track  and  mark  the  location  of  the  dolphin  in  successive  frames  of  the  photo-pass. 
On  the  last  frame  of  the  photo-pass,  the  reader  would  again  note  the  time  that  the  photograph  was 
taken.  The  distance  between  the  initial  and  the  last  photographed  locations  of  the  dolphin  in  the 
photo-pass  was  then  measured  using  a  video-image  analysis  system. 

The  video-image  analysis  system  consisted  of  a  Cohu  Inc.  CCD  video  camera  linked  by  an 
adapter  to  a  Bausch  and  Lomb  dissection  microscope  having  a  2.54-cm  to  17.78-cm  objective.  The 
acetate  transparency  containing  the  pen  marks  mapping  the  trajectory  of  the  dolphin  was  placed  on  a 
light  table  under  the  microscope  and  a  digital  video  image  was  captured  on  a  Data  Translation  Quick 
Capture  frame  grabber  board  installed  in  a  Macintosh  Power  PC  computer.  The  image  was  then  dis¬ 
played  on  a  high-resolution  40.6-cm  video  monitor.  Measurements  were  made  using  the  image  proc¬ 
essing  software,  NIH  Image.  A  computer  mouse  was  used  to  set  the  measurement  point  locations. 
The  software  then  computed  the  distance  in  microns  between  measurement  points  in  the  photograph. 
This  distance  was  then  converted  from  microns  to  meters.  The  true  distance  traveled  by  the  dolphin 
was  then  estimated  using  the  following  photogrammetric  scale  factor: 

TD  =  (A,/F)D,  (6) 

where  A^  is  the  corrected  altitude  (in  meters)  from  which  the  photograph  was  taken,  F  is  the  focal 
length  of  the  camera  lens  (F  =  0.1524  m),  D  is  the  distance  traveled  by  the  dolphin  as  measured 
on  the  acetate  (converted  to  meters),  and  TD  is  the  estimated  “true”  distance  (in  meters)  traveled 
by  the  dolphin  along  the  sea  surface. 

To  evaluate  the  variance  associated  with  the  measurement  techniques  applied  in  the  photogram¬ 
metric  study,  swimming  speeds  were  calculated  from  four  replicate  independent  distance  measure¬ 
ments,  taken  for  30  individual  dolphins  in  the  photographs.  The  precision  of  the  replicate  swimming- 
speed  calculations  were  then  compared  using  the  standard  deviation  which  averaged  0.12  m/s  (range 
0.03  to  0.22  m/s).  These  values  indicated  relatively  little  variability  and  suggested  the  measuring 
technique  was  very  precise. 
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3.  RESULTS 


3.1  TRAINED  DOLPHINS— SWIMMING  PERFORMANCE  TESTS 

3.1.1  Swimming  Speed  Measurements 

Over  12  months,  48  research  sessions  at  SeaWorld  of  San  Diego  provided  a  total  number  (n)  of 
927  recordings  of  Tursiops  truncatus,  Delphinus  delphis,  and  Pseudorca  crassidens  that  were  ac¬ 
ceptable  for  swimming-speed  determination.  Gross  swimming  motions  were  by  dorsoventral  bend¬ 
ing  of  the  body  in  conjunction  with  the  flukes,  which  followed  a  sinusoidal  trajectory,  as  has  been 
reported  previously  for  Tursiops  (Fish,  1993).  The  propulsive  motion  of  all  three  species  is  charac¬ 
terized  as  carangiform  with  lunate-tail  (thunniform)  swimming  (Lighthill,  1969, 1970;  Fish  et  al., 
1993),  and  is  typical  of  some  of  the  fastest  marine  vertebrates,  including  scombrid  fishes,  laminid 
sharks,  and  cetaceans  (Lighthill,  1969).  None  of  these  swim  data  reflect  leap-swim  or  “porpoising” 
behavior,  which,  in  general,  was  seldom  observed  during  the  SeaWorld  recordings. 

The  mayimiim  swimming  speed  for  the  six  Tursiops  trancatus  was  8.2  m/s  (n  =  633).  Three  of 
the  remaining  five  Tursiops  observed  obtained  maximum  swimming  speeds  within  8%  of  8.2  m/s 
(see  table  4).  The  maximum  swimming  speeds  of  the  Delphinus  delphis  (n  =  103)  and  Pseudorca 
crassidens  (n  =  191)  were  the  same  (8.0  m/s).  The  time  interval  during  which  the  swimming  speeds 
were  determined  varied  between  0.7  to  2.8  s.  Average  swim  speeds  were  6.2  ±0.7‘  m/s  for  Tursiops, 
6.7  +0.5  m/s  for  Delphinus,  and  6.4  ±0.5  m/s  for  Pseudorca.  When  comparing  swimming  abilities  of 
different-size  dolphins,  it  is  often  useful  to  express  speed  in  relation  to  length  (Bainbridge,  1958; 
Webb  1975).  In  terms  of  body  length  (L),  the  relative  maximum  swimming  speeds  for  Tursiops, 
Delphinus,  and  Pseudorca  were  3.8  L/s,  4.4  L/s,  and  2.2  L/s,  respectively.  The  corresponding  rela¬ 
tive  average  swimming  speeds  were  2.4  L/s  for  Tursiops,  3.7  Lfs  for  Delphinus,  and  1.7  L/s  for 
Pseudorca. 

Figures  la  (Tursiops  truncatus),  lb  (Pseudorca  crassidens),  and  Ic  (Delphinus  delphis)  show  the 
distribution  of  “fast”  swimming  speeds,  expressed  as  m/s,  for  each  of  the  three  dolphin  species.  The 
adjective  “fast”  is  included  to  denote  that  for  all  these  data  the  trainers  had  tried  to  motivate  the  dol¬ 
phins  to  swim  as  swift  as  possible.  Swimming-speed  distributions  comprise  measurements  obtained 
along  the  back  brick  wall  and  behind  the  front  plexi-glass  wall,  and  are  indicated  separately.  Gener¬ 
ally,  maximum  swimming  speeds  recorded  along  the  back  wall  were  a  few  per  cent  higher  (5%  for 
Tursiops,  for  Delphinus,  and  12%  for  Pseudorca;  see  table  4a)  than  those  recorded  behind  the 
front  wall,  as  was,  for  the  most  part,  average  swimming  speed  (-1%  for  Tursiops,  6%  for  Delphinus, 
4%  for  Pseudorca,  see  table  4a). 


'  The  uncertainty  listed  here  and  throughout  the  report  is  equal  to  one  standard  deviation. 
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□  BACK  WALL 


SNOiiVAaasao  do  yaai/^nN 


14 


Figure  la.  Distribution  of  "fast"  swimming  speeds  of  six  captive  bottlenose  dolphins  (Tursiops  truncatus)  indicating 
front  and  back  wall  measurement  locations;  total  number  of  observations  equals  633. 
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SWIMMING  SPEED  (m/s) 

Figure  1b.  Distribution  of  "fast"  swimming  speeds  of  a  captive,  short-beaked,  common  dolphin  {Delphinus  delphis) 
indicating  front  and  back  wall  measurement  locations;  total  number  of  observations  equals  103. 
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Figure  1c.  Distribution  of  "fast"  swimming  speeds  of  a  captive  false  killer  whale  {Pseudorca  crassidens)  indicating 
front  and  back  wall  measurement  locations;  total  number  of  observations  equals  191. 


Table  4a.  Summary  of  SeaWorld  dolphin  swimming  speed  data. 
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Note:  n  denotes  the  number  of  observations;  L  denotes  the  length  of  the  dolphin. 


3.1.2  Swimming  Speed  Inferred  From  Jump  Height 

The  maximum  flag  height  that  could  be  reached  by  each  of  the  three  Tursiops  truncatus  trained  to 
jump  vertically  was  6.7  m  (ID#  =  8128),  6.4  m  (ID#  =  8738),  and  5.9  m  (ID#  =  8003)  or  in  terms  of 
body  lengths  2.3  L,  2.4L,  and  2.3L,  respectively.  These  heights,  when  substituted  into  equations  (2), 
(4),  and  (5),  yield  estimated  underwater  swimming  speeds  of  9.4  m/s  (or  3.2  L/s,  ID#  =  8128),  9.2 
m/s  (or  3.4  L/s,  ID#  =  8738),  and  8.8  m/s  (or  3.4  L/s,  ID#  =  8003).  Swimming  speeds  derived  from 
maximum  jump  heights  averaged  about  20%  greater  than  the  maximum  horizontal  swimming  speeds 
directly  measured. 

3.1.3  Strouhal  Number 

Strouhal  numbers  derived  from  recordings  of  swimming  Tursiops  truncatus  (n  =  51)  ranged  from 
0.15  to  0.36  and  averaged  0.25  ±0.04*.  Corresponding  Strouhal  numbers  for  Pseudorca  crassidens 
(n  =  23)  ranged  from  0.21  to  0.37  and  averaged  0.29  ±0.04.  Figures  2a  and  2b  show,  respectively, 
the  distribution  of  Strouhal  numbers  for  all  Tursiops  and  Pseudorca.  Table  4b  lists  individual  animal 
Strouhal  numbers. 

3.2  FREE-RANGING  DOLPHINS— CAPTURE  AND  RELEASE 

When  assessed  from  the  observation  boat,  swimming  speeds  of  free-ranging  dolphins  (Tursiops 
truncatus)  often  appeared  exceptionally  fast  immediately  after  release.  However,  the  analysis  of  16 
recordings  of  dolphins  being  released  resulted  in  a  range  of  swimming  speeds  of  only  1.6  to  5.6  m/s 
(figure  3).  The  maximum  swimming  speed  of  5.7  m/s  was  maintained  for  at  least  2.7  s.  Some  of  the 
slower  swimming  speeds  can  be  attributed  to  the  initial  release  procedure  during  which  animals  were 
not  released  simultaneously.  Under  these  circumstances,  the  first  animal,  upon  release,  often  hesi¬ 
tated,  sometimes  turning  towards  the  release  point,  before  swimming  away.  When  released  in  pairs, 
higher  swimming  speeds  were  generally  observed,  yet  recorded  movements  often  continued  to  show 
a  seemingly  apathetic  exit.  The  16  recordings  analyzed  did  not  show  any  indication  of  porpoising 
behavior  immediately  after  their  release. 

3.3  FREE-RANGING  DOLPHINS — RESPONDING  TO  AIRPLANE 

Five  airplane  passes  over  a  school  of  long-beaked  common  dolphins  (Delphinus  capensis)  re¬ 
sulted  in  1044  swimming-speed  measurements.  The  highest  swimming  speed  recorded  of  an  individ¬ 
ual  Delphinus  was  6.7  m/s,  and  was  obtained  during  the  third  pass.  Maximum  swimming  speeds  for 
each  pass  in  chronological  order  were  6.6,  5.9, 6.7,  5.6,  and  5.8  m/s  (see  table  5).  Average  swimming 
speeds  for  the  school,  obtained  during  consecutive  passes,  were  4.6  +1 .0'  m/s  (n  =  80),  4.1  +0.6  m/s 
(n  =  106),  4.7  ±0.7  m/s  (n  =  310),  3.8  ±0.5  m/s  (n  =  377),  and  4.0  ±0.5  m/s  (n  =  171)  m/s.  Swim¬ 
ming-speed  measurements  were  obtained  over  1-  to  2-s  periods.  The  five  passes  were  completed  in 
about  8.5  minutes.  Although  observations  of  splashes  resulting  from  porpoising  were  common 
throughout  the  frames,  all  the  swimming  speeds  analyzed  were  obtained  from  dolphins  swimming 
just  beneath  the  sea  surface.  Figure  4  shows  the  cumulative  distribution  of  swimming  speeds  for  all 
five  passes. 
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Figure  2a.  Distribution  of  Strouhal  numbers  of  captive  bottlenose  dolphins 
(Tursiops  truncatus);  total  number  of  observations  equals  51. 
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Figure  2b.  Distribution  of  Strouhal  numbers  of  a  captive  false  killer  whale 
(Pseudorca  crassidens)]  total  number  of  observations  equals  23. 


19 


Table  4b.  Summary  of  SeaWorld  Strouhal  data. 


Strouhal  Numbers 

Dolphin 

ID# 

Species 

n 

Average 

Range 

9026 

Tursiops  truncatus 

H 

0.22  +.02 

0.18  to  0.26 

8926 

Tursiops  truncatus 

B 

0.22  ±.07 

0.15  to  0.31 

8003 

Tursiops  truncatus 

11 

0.26  ±.02 

0.23  to  0.29 

8738 

Tursiops  truncatus 

13 

0.26  ±.04 

0.21  to  0.35 

8128 

Tursiops  truncatus 

15 

0.26  ±.04 

0.18  to  0.36 

(Total) 

Tursiops  truncatus 

51 

0.25  ±.04 

0.15  to  0.35 

8826 

Pseudorca  crassidens 

23 

0.29  ±.04 

0.21  to  0.37 

Note:  n  denotes  the  number  of  observations. 
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Figure  3.  Distribution  of  swimming  speeds  of  free-ranging  bottlenose  dolphins  {Tursiops  truncatus)  immediately 
after  release,  individual  dolphins  are  indicated  by  ID  number  (see  table  3). 
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Figure  4.  Total  distribution  of  swimming  speeds  obtained  from  five  airplane  passes  over  a  school  of  long-beaked, 
common  dolphins  (Delphinus  capensls)-,  total  number  of  observations  equals  1044. 


4.  DISCUSSION 


4.1  COMPARISON  OF  “FASTEST”  DOLPHIN  SWIMMING  SPEEDS 

The  maximum  swimming  speeds  directly  recorded  in  this  study  for  Tursiops  truncatus,  Delphinus 
delphis,  and  Pseudorca  crassidens  can  be  compared  with  values  found  throughout  the  scientific  lit¬ 
erature.  In  most  cases,  maximum  swimming-speed  comparisons  for  trained  dolphins  compare  fa¬ 
vorably.  The  8.0-m/s  maximum  swimming  speed  reported  here  for  Pseudorca  crassidens  agree  rea¬ 
sonably  well  with  the  7.5-m/s  maximum  observed  by  Fish  (submitted)  for  captive  Pseudorca,  also 
swimming  in  a  large  pool.  Ridgeway  and  Johnston  (1966)  have  observed  boat-following  speeds  of 
up  to  7.8  m/s  for  trained  Tursiops,  which  agree  with  the  present  maximum  swimming-speed  obser¬ 
vation  of  8.2  m/s.  A  similar  top  swimming  speed  of  8.3  m/s  was  observed  by  Lang  and  Norris  (1966) 
for  Tursiops  (originally  listed  as  Tursiops  gilli),  responding  to  acoustic  commands  in  an  enclosed 
lagoon.  Lang  and  Norris  (1966)  note  that  this  level  of  swinuning  speed  compares  closely  with  pre¬ 
dicted  turbulent  values  for  this  animal. 

Wursig  and  Wursig  (1979)  have  obtained  theodolite  measurements  of  free-ranging  Tursiops  trun¬ 
catus  while,  avoiding  a  pod  of  killer  whales  estimated  to  be  about  V2  km  away,  and  report  speeds  of  at 
least  8.3  m/s.  Although  this  particular  value  of  maximum  swimming  speed  agrees  with  those  re¬ 
ported  in  this  study  for  trained  Tursiops,  in  general,  most  “fast”  swimming  speeds  reported  for  free- 
ranging  dolphins  are  significantly  higher.  For  example,  swimming  speeds  reported  for  free-ranging 
Tursiops  have  been  as  high  as  10.3  m/s  (Lockyer,  1978),  12.5  m/s  (Pershin,  1988),  and  15  m/s 
(Lockyer  and  Morris,  1987).  Maximum  swimming  speeds  for  free-ranging  Delphinus  delphis  include 
9.3  m/s  (Kellogg,  1940;  Johannesse  and  Harder,  1960);  10.3  m/s  (Gray,  1936);  13.2  m/s  pershin, 
1969);  and  13.9  m/s  (Tomilin,  1957),  all  of  which  are  considerably  higher  than  the  8.0-m/s  SeaWorld 
data  maximum  presented  here.  Unfortunately,  many  of  the  extraordinary  swimming  speeds  reported 
for  wild  dolphins  involve  crude  measurement  techniques,  few  observations,  and  no  estimation  of 
uncertainty. 

Using  equation  (3),  underwater  swimming  speeds  estimated  from  the  maximum  vertical  jump 
heights  of  three  trained  Tursiops  truncatus  averaged  9.1  ±0.3  m/s.  For  comparison’s  sake,  the  corre¬ 
sponding  emergence  speed  at  jump  exit  is  calculated  by  neglecting  the  correction  term.  Equation  (3) 
then  reduces  to  the  ballistic  equation  with  an  exit  angle  of  90°  and  yields  an  average  exit  speed  of 
10.0  ±0.3  m/s.  Using  the  same  ballistic  equation  (with  an  exit  angle  typically  of  45°),  exit  speeds 
have  been  calculated  from  the  leap  lengths  of  free-ranging  dolphins  porpoising  at  sea.  Although  the 
comparative  jump  heights  of  the  free-ranging  dolphins  were  for  different  species,  nevertheless,  com¬ 
puted  exit  speeds  showed  reasonable  agreement  with  values  for  captive  Tursiops.  Au  et  al.  (1988) 
have  estimated  an  average  leap  exit  (n  =  23)  of  8.2  m/s  from  an  aerial  photograph  of  a  school  of 
spotted  dolphins  {SteneUa  attenuata).  The  maximum  exit  speed  they  calculated  was  9.4  m/s  (cour¬ 
tesy  M.  D.  Scott).  It  was  estimated  that  the  school  had  been  swimming  rapidly  for  less  than  2  min¬ 
utes  before  the  photograph  was  taken^.  Similar  use  of  the  ballistic  equation  has  been  applied  to 


^  The  maximum  swimming  speed  reported  in  the  literature  (Lang  and  Pryor,  1966)  for  Stenella  is  1 1  m/s.  In  this 
case,  the  dolphin  was  trained  to  follow  a  lure  towed  by  a  boat.  Maximum  swimming  speed  was  obtained  2.0  seconds 
after  starting. 
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films  of  J.  Y.  Cousteau  (Pershin,  1988).  The  highest  exit  velocity  calculated  (n  =  15)  for  a  group  of 
Delphinus  delphis  was  9.1  m/s. 

4.2  COMPARISON  OF  STROUHAL  NUMBER  AND  SWIMMING  KINEMATICS 
4.2.1  Strouhal  Number 

Additional  Strouhal  number  data  for  captive  Tursiops  truncatus  were  derived  from  the  kinematic 
swim  data  (n  =  56)  of  Fish  (1993).  Fish  (1993)  obtained  measurements  of  swimming  speed,  tail-beat 
frequency,  and  tail-beat  amplitude  from  films  of  five  trained  Tursiops  swimming  throughout  a  range 
of  speeds  at  SeaWorld  in  Orlando,  Florida,  and  at  the  National  Aquarium  in  Baltimore.  As  for  the 
present  data,  only  video  sequences  in  which  the  animals  appeared  to  be  swimming  along  a  horizontal 
path  at  a  steady  rate  were  used. 

Swimming  speeds  varied  in  response  to  cues  from  trainers,  ranging  from  about  1  to  6  m/s  (Fish, 
1993).  The  swimming  speeds  in  this  study  for  Tursiops  truncatus  were  usually  higher,  about  4  to  8 
m/s,  since  the  trainers  sought  to  elicit  maximum  effort.  Also  included  for  comparison’s  sake  are  the 
data  sets  of  Kayan  and  Pyatetskiy  (1977;  figures  2  and  3;  steady  swimming)  for  captive  Tursiops, 
and  of  Lang  and  Daybell  (1963;  figure  21;  no  drag  collar)  as  estimated  by  Trianthefyllou  et  al. 

(1993)  for  a  captive  Lagenorhyncus  obliquidens. 

The  different  dolphin  Strouhal  number  data  sets  plotted  as  a  function  of  Reynolds  number  (figure 
5a),  body  length  (figure  5b),  and  swimming  speed — expressed  either  as  meters  per  second  (figure 
5c)*or  body  lengths  per  second  (figure  5d),  generally  exhibit  good  agreement  where  the  dependent 
variables  overlap.  Average  Strouhal  numbers  for  the  comparison  Tursiops  truncatus  data  sets  were 
0.25  ±  0.02  (n  =  17;  Kayan  and  Pyatetskiy,  1977)  and  0.27  ±0.05  (n  =  56;  Fish,  1993),  showing  re¬ 
markable  agreement  with  the  0.25  ±0.4  (n  =  51)  value  reported  here.  The  average  Strouhal  number 
for  Lagenorhyncus  obliquidens  (Trianthefyllou  et  al.,  1993)  and  Pseudorca  crassidens  were  higher, 
0.30  (n  =  1)  and  0.29  ±0.04  (n  =  23),  respectively. 

Although  the  average  Strouhal  number  for  each  of  the  dolphin  data  sets  was  within  the  0.25  to 
0.35  rangeVedicted  by  Trianthefyllou  et  al.  (1993),  this  range  included  only  56%  of  all  the  data 
compared  to  76%  of  the  data  residing  between  Strouhal  numbers  0.2  and  0.3,  and  89%  of  the  data 
residing  between  Strouhal  numbers  0.2  and  0.35.  A  Strouhal  number  range  of  0.2  to  0.3  better  char¬ 
acterized  Tursiops  truncatus,  as  it  contained  78%  of  the  data  compared  to  the  51%  residing  between 
0.25  to  0.35.  In  contrast,  for  Pseudorca  crassidens,  a  Strouhal  number  range  of  0.25  to  0.35  con¬ 
tained  78%  of  the  data  whereas  only  70%  were  between  0.20  to  0.30. 

The  present  dolphin  Strouhal  number  data  set  and  that  of  Fish  (1993)  appear  to  be  largely  inde¬ 
pendent  of  Reynolds  number  (figure  5a)  over  the  measured  range  of  about  2.5  x  lO'’  to  2.5  x  10  . 
Pershin  (1973),  however,  has  reported  that  the  Strouhal  number  variance  increases  with  increasing 
Reynolds  number.  Pershin’s  (1973)  Reynolds  number  range  extends  from  about  lO’,  where  Strouhal 
numbers  varied  between  0.3  to  0.4,  to  lO’  where  Strouhal  numbers  varied  between  0.15  to  0.4. 
Strouhal  number  data  were  obtained  from  insects,  birds,  fish,  and  dolphins  (Pershin,  1973). 
Nonetheless,  over  the  limited  range  where  Reynolds  numbers  overlap,  Pershin’s  (1973)  and  present 
Strouhal  numbers  (figure  5a)  are  in  reasonable  agreement. 
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The  data  set  of  Kayan  and  Pyatetskiy  (1977)  for  Tursiops  trimcatus  displays  another  feature, 
tending  to  peak  around  a  Reynolds  number  of  5  x  10**  at  a  Strouhal  number  of  about  0.27  (figure 
5a).  Semonov  (1974)  reported  a  similar  trend  for  Delphinus  delphis,  but  with  the  peak  occurring 
around  a  Reynolds  number  of  1.75  x  10‘  at  a  Strouhal  number  around  0.35.  No  such  conspicuous 
peaks  have  been  found  for  similar  measurements  of  fish  (Pershin,  1988).  Unfortunately,  the 
scatter  in  the  Fish  (1993)  and  present  data  sets  (figures  4a,  4b)  precludes  resolving  these  Strouhal 
number  peaks.  It  is  yet  to  be  determined  whether  this  scatter  results  from  measurement  uncer¬ 
tainties,  particularly  of  tail-beat  amplitude,  or  from  the  natural  variation  of  the  animals  swim¬ 
ming  motion  (Rosen,  1959).  Kayan  and  Pyatetskiy  (1977)  have  also  reported  for  captive 
Tursiops  truncatus  a  dependence  of  Strouhal  number  on  acceleration  (these  data  not  included  in 
figure  5a).  A  reanalysis  of  the  present  video  data  throughout  the  measurement  range  of  Kayan 
and  Pyatetskiy  (1977)  reaffirmed  that  acceleration  was  not  an  issue. 

Taken  together,  the  Strouhal  number  data  of  Fish  (1993)  and  that  presented  here  showed  little  de¬ 
pendence  on  body  length  (figure  5b)  or  swimming  speed  when  expressed  in  m/s  (U=l-7.5  m/s;  figure 
5c).  However,  when  swimming  speed  was  expressed  in  body  lengths  per  second  (L/s)  all  the  Strou¬ 
hal  numbers  for  speeds  greater  than  about  2.50  L/s,  were  conspicuously  lower  than  the  average  value 
of  0.27  (figure  5d).  These  particular  Strouhal  number  data  (>2.5  L/s)  were  all  associated  with  obser¬ 
vations  of  the  smallest  dolphin  (ID#  =  9026),  and  their  relatively  low  values  can  be  understood  in 
terms  of  the  underlying  kinematic  relationships  to  be  subsequently  discussed. 

The  only  reference  to  Strouhal  numbers  that  we  have  found  for  free-ranging  dolphins  is  by  Per¬ 
shin  (1988),  who  reports  a  value  of  0.37  for  what  he  refers  to  as  a  common  dolphin.  Unlike  the  cap¬ 
tive  dolphins,  this  dolphin  was  not  swimming  near  the  surface.  Pershin  makes  no  reference  to 
swinuning  speed,  length  of  the  dolphin,  or  how  the  recordings  were  obtained.  A  Strouhal  number  of 
0.37  is  conspicuously  higher  than  the  average  values  reported  here  for  captive  dolphins.  Yet  even  if 
this  value  is  representative  of  this  free-ranging  species,  it  cannot  be  known  whether  this  disparity 
reflects  differences  between  species,  captive  and  free-ranging  animals,  or  swimming  at  or  several 
body  widths  from  the  surface  of  the  water. 

4.2.2  Swimming  Kinematics 

Individual  kinematic  components  comprising  the  Strouhal  number  exhibit  different  dependencies 
on  swimming  speed.  Tail-beat  peak-to-peak  amplitude  (Ap.p)  expressed  in  body  lengths  (L)  for  all 
dolphin  data,  remained  approximately  constant  throughout  the  range  of  tail-beat  frequencies  (0.75  to 
3  Hz;  figure  6a)  and  relative  swinuning  speeds  (0.5  to  3.25  L/s;  figure  6b).  Again,  where  the  depend¬ 
ent  variable  overlapped,  good  agreement  is  generally  found  between  different  dolphin  data  sets.  Av¬ 
erage  tail-beat  peak-to-peak  amplitude  for  Tursiops  truncatus  is  19%  ±1%  of  its  body  length  for  the 
data  of  Kayan  and  Pyatetskiy  (1977;  n  =  30);  20%  ±3%  for  the  data  of  Fish  (1993;  n  =  56);  and  22% 
±2%  for  the  present  data  (n  =  51).  For  Lagenorhyncus  obliquidens  (Lang  and  Daybill;  figure  21 ;  n  = 
1)  and  Pseudorca  crassidens  (present  data,  n  =  23),  similar  calculations  of  Ap.p/L  resulted  in  25%  and 
23%  ±2%,  respectively.  These  values  of are  at  or  near  the  20%  reported  for  many  species  of 
fish  swimming  in  carangiform  modes  (Bainbridge,  1958;  Webb,  1975).  When  tail-beat  amplitude 
and  swimming  speed  are  presented  respectively  in  meters  and  meters  per  second  (figure  6c),  as  op¬ 
posed  to  body  lengths  and  body  lengths  per  second  (figure  6b),  the  Tursiops  (average  L  =  2.55  m) 
and  Pseudorca  (average  L  =  3.66  m)  data  sets  exhibit  conspicuously  poorer  agreement. 
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Tail-beat  frequency  plotted  as  a  function  of  swimming  speed,  whether  expressed  in  meters  per 
second  (figure  7a)  or  body  lengths  per  second  (figure  7b),  show  good  agreement  between  the  avail¬ 
able  data  sets  for  captive  dolphins.  When  swimming  speed  is  expressed  in  meters  per  second  (figure 
7a),  tail-beat  frequency  increases  approximately  linearly  with  swimming  speed,  with  a  squared  cor¬ 
relation  coefficient  (R^)  of  0.79  according  to  the  equation: 

f  =  0.54  +  0.34U[m/s]  (R'  =  0.79;  Fish,  1993  +  present).  (7) 

Linear  fits  to  the  individual  data  sets  are 

f  =  0.47  +  0.37U[m/s]  (R'  =  0.72;  Fish,  1993),  and  (8) 

f  =  0.45  +  0.35U[m/s]  (R^  =  0.67,  present).  (9) 

When  swimming  speed  is  expressed  in  body  lengths  per  second  (figure  7b),  the  present  tail-beat 
frequency  data  for  Tursiops  truncatus  increase  almost  linearly  with  relative  swimming  speed  until 
about  2.5  L/s,  and  thereafter  remains  approximately  constant  between  2.5  and  3.0  Hz.  Where  com¬ 
parisons  can  be  made,  which  is  between  tail-beat  frequencies  of  about  1  to  2.5  Hz,  good  agreement 
is  found  between  the  various  dolphin  data  sets.  The  captive  Tursiops  data  of  Kayan  and  Pyatetskiy 
(1977)  are  represented  as  a  line  (figure  7b)  based  on  their  equation: 

f=  0.15+ 1.1  U[L/s].  (10) 

When  tail-beat  frequency  is  plotted  as  a  function  of  swimming  speed  expressed  as  meters  per  sec¬ 
ond,  the  collapse  of  the  Tursiops  and  Pseudorca  crassidens  data  sets  are  noticeably  poorer  (figure 
7c). 

Curiously,  the  present  tail-beat  frequency  data  remain  nearly  constant  for  swimming  speeds 
greater  than  about  2.5  L  s  '.  The  data  in  this  range  are  comprised  almost  entirely  of  swimming-speed 
measurements  obtained  from  the  smallest  dolphin  (ID#  =  9026).  Further  measurements  at  high,  rela¬ 
tive  swimming  speeds  are  necessary  to  corroborate  this  feature.  Nevertheless,  it  is  this  independence 
of  tail-beat  frequency  on  relative  swimming  speeds  greater  than  around  2.5  L/s  (figure  7b)  that  is 
responsible  for  conspicuous  reduction  of  the  corresponding  Strouhal  numbers  displayed  in  figure  5d. 

4.3  MOTIVATION:  FREE-RANGING  AND  CAPTIVE  DOLPHINS 

Surprisingly,  where  one  might  expect  motivation  to  have  been  strongest,  swimming  speeds  re¬ 
corded  of  the  release  of  free-ranging  Tursiops  truncatus  were  significantly  lower  than  speeds  meas¬ 
ured  for  trained  Tursiops  swimming  in  pools.  This  may  have  occurred  because  many  of  the  released 
dolphins  had  been  captured  several  times  previously  and  were  accustomed  to  the  procedure.  A  lack 
of  strong  desire  to  flee  from  the  release  point  may  also  reflect  the  extraordinary  measures  taken  by 
the  researchers  to  minimize  stress  to  the  animal.  In  light  of  the  many  subjective  impressions  of  dol¬ 
phin  swimming  speeds,  it  is  noteworthy  that  swimming-speed  estimates  made  visually  by  observers 
from  the  boat  were  often  significantly  higher  than  those  calculated  from  the  recordings.  Lang  (1975) 
has'  also  reported  large  discrepancies  between  swimming  speeds  based  on  qualitative  observations 
and  quantitative  measurements.  The  shallowness  of  the  water  at  the  release  point  (about  1.3  m)  may 
have  also  affected  swim  speed. 
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Strouhal  number  plotted  as  a  function  of  Reynolds  number. 
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ure  5b.  Dolphin  Strouhal  number  plotted  as  a  function  of  body  length,  expressed  in  meters. 
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plotted  as  a  function  of  swimming  speed,  expressed  in  meters  per  second. 
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Figure  5d.  Dolphin  Strouhal  number  plotted  as  a  function  of  swimming  speed,  expressed  in  body  lengths  per 
second  (L/s). 
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SWIMMING  SPEED  (L/s) 

Figure  6b.  Dolphin  tail-beat  peak-to-peak  amplitude,  expressed  in  body  lengths  (L),  plotted  as  a  function  of 
swimming  speed,  expressed  in  body  lengths  per  second  (L/s). 


expressed  in  meters  per  second. 
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per  second. 
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SWIMMING  SPEED  (L/s) 

Figure  7b.  Dolphin  tail-beat  frequency  plotted  as  a  function  of  swimming  speed,  expressed  in  body  lengths  per 
second  (L/s). 


ri  o' 

(ZH)  A0N3nD3yd  iv3a-nvi 


38 


in  tail-beat  frequency  plotted  as  a  function  of  swimming  speed,  expressed  in  meters  per  second. 


Although  it  was  obvious  that  the  approach  of  the  airplane  increased  the  swimming  speed  of  the 
school  of  Delphinus  capensis,  it  was  also  evident  that  this  motivation  was  not  sufficient  to  produce 
burst  speeds.  It  was  not  until  the  third  photo-pass,  about  5  minutes  after  the  initial  approach  of  the 
airplane,  that  the  maximum  swimming  speed  of  the  school  (4.7  m/s)  and  of  an  individual  dolphin 
(6.7  m/s)  was  recorded.  The  average  swimming  speed  of  the  school  for  the  five  photo-passes,  which 
took  about  8  minutes  to  complete,  was  4.2  ±0.36  m/s.  This  swimming  speed  is  representative  of 
those  reported  for  dolphin  schools  of  Stenella  attenuata,  S.  longirostris,  and  S.  coeruleoalba  when 
displaying  ship-avoidance  behavior  (Au  and  Perryman,  1983).  The  shape  of  the  swimming  speed 
distribution  of  the  school  for  photo-pass  3  (not  shown)  is  generally  similar  to  the  composite  distri¬ 
bution  (figure  4),  being  slightly  skewed  to  the  right  (more  animals  swimming  at  lower  speeds).  Such 
a  right-skewed  distribution  further  suggests  that  the  swimming  speeds  recorded  were  not  approach¬ 
ing  some  biological  limit,  in  which  case,  the  distribution  would  tend  to  be  left-skewed,  bunching-up 
at  the  limiting  swimming  speed  (Gould,  1996). 

The  swimming  speed  of  individuals  comprising  the  school  may  have  been  lower  than  expected 
because  of  the  presence  of  newborn  dolphins.  Although  speed  was  not  calculated  for  any  of  these 
calves,  it  is  documented  that  their  maximum  swim  speed  is  likely  to  be  markedly  less  than  that  at¬ 
tained  by  adult-sized  animals  (Edwards,  1992).  For  schools  containing  breeding  groups,  there  may 
be  social  pressure  to  limit  overall  swim  speeds  so  that  calves  and  nursing  cows  remain  sheltered 
within  the  confines  of  the  school  and  are  not  left  behind  where  they  would  be  vulnerable  to  preda¬ 
tors. 

It  can  only  be  speculated  how  the  pool  dimensions  and  motivation  provided  limited  burst  swim¬ 
ming  speeds  for  the  trained  dolphins  at  SeaWorld.  The  fact  that  the  largest  (ID#  =  8826 — 3.66  m, 
Pseudorca  crassidens)  and  smallest  (ID#  =  8736B — 1.83  m,  Delphinus  delphis)  dolphins  shared  the 
same  maYimnm  (8.0  m/s)  and  similar  average  (6.4  and  6.7  m/s,  respectively)  swimming  speeds,  sug¬ 
gests  that  the  size  of  the  pool  for  most  of  the  dolphins,  with  the  possible  exception  of  the  Pseudorca, 
was  not  particularly  restricting.  Moreover,  the  similarity  of  maximum  swimming  speeds  of  trained 
Tursiops  truncatus  obtained  in  a  free-ranging  environment  (7.7  m/s,  Ridgeway  and  Johnston,  1966; 
8.3  m/s,  Lang  and  Norris,  1966)  and  in  large  pools  (8.2  m/s,  reported  here),  further  suggests  that  the 
dimensions  of  the  pool  are  not  necessarily  performance-limiting. 

Swimming-speed  distributions  of  individual  dolphins  recorded  at  SeaWorld  are  shown  in  figure 
8.  Several  of  the  swimming-speed  distributions  were  to  some  degree  skewed  to  the  left  (figures  8a 
through  8d),  which  could  be  indicative  of  the  animal  approaching  optimal  performance  for  the  given 
situation.  This  inference  is  plausible  only  if  the  dolphin  was  equally  motivated  and  equally  healthy 
for  each  run.  The  choice  of  histogram  bin  width  can  also  effect  the  degree  of  skewness  exhibited  by 
the  swimming-speed  distribution.  As  an  illustration  of  the  effect  of  bin  size,  the  skewness  of  the 
swimming-speed  distributions  for  Delphinus  delphis  (ID#  =  8736B;  figures  lb,  8g  )  and  Pseudorca 
crassidens  (ID#  =  8826;  figures  Ic,  8h)  can  be  compared  when  plotted  in  increments  of  0.25  L/s 
(figures  8g,  8h)  and  0.5  m/s  (figures  lb,  Ic). 

Underwater  swimming  speeds  inferred  from  jump  height  may  be  higher  {-  20%)  than  speeds  re¬ 
corded  of  dolphins  swimming  near  the  surface  of  the  pool  for  several  reasons.  Generally,  the  swim¬ 
ming  duration  prior  to  jumping  is  shorter  and,  therefore,  more  burst-like.  In  addition,  as  the  dolphin 
is  swimming  towards  the  surface,  there  is  no  drag  associated  with  wave  resistance.  Wave  drag  expe¬ 
rienced  by  the  dolphin  when  swinuning  near  the  surface  can  be  the  largest  component  of  the  total 
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drag  on  the  animal  (Hertel,  1966).  The  dolphin  may  also  derive  a  thrust  advantage  when  jumping 
from  the  reactive  forces  due  to  the  presence  of  the  pool  bottom.  This  is  similar  to  the  “ground  effect” 
that  can  enhance  lift  for  wings  (Hoemer,  1985).  The  coefficient  in  the  correction  factor,  i/sDLin 
equation  (2),  may  also  be  too  small.  The  arguments  of  Lang  and  Daybell  (1963)  for  incorporating  a 
correction  factor  suggest  that  this  coefficient  must  be  less  than  one.  However,  the  average  correction 
factor  required  to  best  reconcile  swimming  speeds  (2  to  3  meters  below  the  surface)  derived  from 
jump  heights  with  those  measured  when  the  animal  was  swimming  about  0.5  m  from  the  surface  is 
1.25.  Consequently,  adjusting  the  coefficient  in  the  correction  factor,  although  possibly  warranted, 
cannot  by  itself  resolve  these  discrepancies.  Another  possibility  is  that  the  motivation  of  the  dolphin 
may  be  significantly  greater  for  jumping  than  swimming  fast  along  the  surface,  as  the  goal  is  more 
clearly  defined  and  can  be  made  incrementally  harder  to  achieve. 
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Figure  8a-d.  Distributions  of  "fast"  swimming  speeds  of  individuai  captive  dolphins,  expressed  in  body  lengths  per  second  (Us). 
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Figure  8e-h.  Distributions  of  "fast"  swimming  speeds  of  individual  captive  dolphins,  expressed  in  body  lengths  per  second  (L/s). 


5.  CONCLUSIONS 


The  data  presented  here  show  no  indication  that  the  high-speed  swimming  capability  of  captive, 
regularly  exercised  dolphins  is  less  than  free-ranging  dolphins.  A  similar  observation  for  slower 
cruising  speeds  («  2  m/s)  has  been  made  for  Tursiops  truncatus  (Williams  et  al.,  1993).  Comparison 
of  maximum  speeds  sustained  for  a  few  seconds  of  captive  Tursiops  swimming  in  large  pools  (8.2 
m/s,  reported  here),  and  in  free-range  environments  (7.8  m/s,  Ridgeway  and  Johnston,  1966;  8.3  m/s, 
Lang  and  Norris,  1966)  suggests  that  the  dimensions  of  the  pool  do  not  necessarily  limit  perform¬ 
ance  levels.  Nonetheless,  given  the  large  disparity  which  exists  between  measurements  of  the  fastest 
swimming  speeds  of  trained  dolphins  and  those  previously  reported  for  free-ranging  dolphins,  and 
the  low  probability  of  recording  burst  speeds,  further  data  recording  efforts  of  this  nature  are  desir¬ 
able. 

Although  comparison  is  limited,  it  is  nevertheless  noteworthy  that  swimming  speeds  inferred 
from  jump  heights  of  captive  and  free-ranging  dolphins  are  in  reasonable  agreement.  The  discrep¬ 
ancy  between  swimming  speeds  inferred  from  jump  heights  20%  higher)  and  determined  from 
recordings  of  surface  swimming  for  the  same  dolphin,  could  be  best  addressed  by  recording  the 
underwater  swimming  speed  of  the  dolphin  prior  to  its  leap.  This  would  provide  an  opportunity 
to  better  determine  the  effect  of  wave  drag  and  the  coefficient  of  the  correction  term  in  equation 
(3),  as  well  as  to  assess  the  different  motivational  strategies  seeking  to  elicit  maximum  jump 
heights  and  swimming  speeds. 

Kjnematic  and  Strouhal  data  also  indicate  that  the  swimming  motion  of  captive  dolphins  studied 
are  similar  to  that  of  other  dolphins  and  fish  swimming  in  various  carangiform  modes.  Strouhal 
numbers  for  the  various  dolphin  data  sets  generally  ranged  between  0.25  to  0.35  (56%  of  the  data), 
and  are  in  reasonable  agreement  with  what  Triantafyllou  et  al.  (1993)  predicted  for  maximum  pro¬ 
pulsive  efficiency.  It  is  interesting  that  although  for  captive  dolphins  there  is  evidence  for  a  Strouhal 
number  dependence  on  acceleration  and  deceleration  (Kayan  and  Pyatetskiy,  1977),  a  1.91-cm  drag 
collar  had  almost  no  effect  (Lang  and  Daybell,  1964).  Further  investigation  of  these  relationships  as 
well  as  how  Strouhal  numbers  compare  with  free-ranging  and  deep-swimming  dolphins  is  desirable. 


43 


6.  REFERENCES 


Aleyev,  Yu.  G.  1977.  Nekton.  Junk,  The  Hague. 

Au,  D.  W.  and  W.  Perryman.  1981.  “Movement  and  Speed  of  Dolphin  Schools  Responding  to  an 
Approaching  Ship,”  Fishery  Bulletin:  vol.  80,  no.  2,  371—379. 

Au,  D.  W.,  M.  D.  Scott,  and  W.  L.  Perryman.  1988.  Leap-swim  Behavior  of  “Porpoising”  Dophins. 
Cetus,  pp.  7-10. 

Bainbridge,  R.  1958.  “The  Speed  of  Swimming  of  Fish  as  Related  to  Size  and  to  Frequency  and 
Amplitude  of  the  Tailbeat,”  Journal  of  Experimental  Biology,  vol.  35,  pp.  109-133. 

Cox,  R.  C.  A.  1992.  “Commercial  Photogrammetry:  Technology  Adopted.  The  Benefits  of  For¬ 
ward  Motion  Compensation  for  Aerial  Survey  Photography.  Photogrammetric  Rec.  vol.  14,  no. 

79,  pp.  5-17. 

Fish,  F.  E.  and  C.  A.  Hui.  1991.  “Dolphin  Swimming— A  Review.  Mamm.  Rev.  vol.  21,  pp.  181- 
195. 

Fish,  F.  E.  1992.  Aquatic  locomotion.  In  Mammalian  Energetics:  Interdisciplinary  Views  of  Me¬ 
tabolism  and  Reproduction,  pp.  34-63,  T.  E.  Tomasi  and  T.  H.  Horton,  Eds.  Cornell  University 
Press,  Ithaca,  New  York. 

Fish,  F.  E.  1993.  “Power  Output  and  Propulsive  Efficiency  of  Swimming  Bottlenose  Dolphins 
(Tursiops  truncatus).  J.  Exp.  Biol.  Vol.  185,  pp.  179-193. 

Fitzgerald,  E.  R.  and  J.  W.  Fitzgerald.  1995.  Blubber  and  compliant  coatings  for  drag  reduction  in 
water  I.  Viscoelastic  properties  of  blubber  and  compliant  coating  materials.  Materials  Science  and 
Engineering;  C2,  pp.  209-214. 

Ghosh,  S.  K.  1988.  Analytical  Photogrammetry.  2"“  ed.,  Pergamon  Press,  New  York,  NY. 

Gibbs-Smith,  Charles  H.  1962.  Sir  George  Cayley’s  Aeronautics  1796-1855.  London.  Her  Majesty’s 
Stationary  Office. 

Gilpatrick,  J.W.,  Jr.  1996.  Calibration  of  radar-altimeter  readings  used  in  aerial  photogrammetry  of 
eastern  tropical  Pacific  dolphins  1992-1993.  NOAA-TM-NMFS-SWFSC-226, 17  p. 

Gould,  S.  J.  1996.  Full  House— the  Spread  of  Excellence  from  Plato  to  Darwin.  Three  Rivers  Press, 
New  York,  NY. 

Gray,  J.  1936.  “Studies  in  Animal  Locomotion  VI.  The  Propulsive  Powers  of  the  Dolphin,”  J.  Exp. 
Biol.,  vol.  13,  pp.  192-199. 

Gray,  J.  1957.  How  Fishes  Swim.  Sc.  Amer.,  pp.  48-54. 

Hertel,  H.  1966.  Structure,  Form,  Movement,  Reinhold  Publ.  Co.,  New  York,  NY. 


45 


Hoerner,  S.  F.  and  H.  V.  Borst.  1985.  Ruid-Dynamic  Drag.  Hoemer  Ruid  Dynamics 

Hui,  C.  1987.  Power  and  Speed  of  Swimming  Dolphins.  J.  Mamm.,  68:126-132. 

Johannessen,  C.  L.  and  J.  A.  Harder.  1960.  “Sustained  Swimming  Speeds  of  Dolphins,”  Science,  vol. 
132,  pp.  1550-1551. 

Kayan,  Y.  P.  and  V.  Ye.  Pyatetskiy.  1977.  “Kinematics  of  Bottlenosed  Dolphins  Swimming  as  Re¬ 
lated  to  Acceleration  Mode.  BIONIKA,  no.  11,  pp.  36-41. 

Kellogg,  R.  1940.  “Whales,  Giants  of  the  Sea,”  National  Geographic,  vol.  67,  pp.  35-90. 

Kramer,  M.  1960.  “The  Dolphins’  Secret,”  New  Sci,  vol.  7,  pp.  1 118-1120. 

Kramer,  M.  1965.  Hydrodynamics  of  the  Dolphin,  pp.  111-130,  \r\  Advances  in  Hydroscience, 
Volume  2,  V.  T.  Chow,  Ed.  Academic  Press,  New  York,  NY. 

Lang,  T.  G.  1966.  Hydrodynamic  Analysis  of  Cetacean  Performance  In  Whales,  Dolphins  and 
Porpoises,  pp.  410-431,  K.  N.  Norris,  Ed.  University  of  California  Press,  CA. 

Lang  ,  T.  G.  and  Daybell,  D.  A.  1963.  “Porpoise  Performance  Tests  in  a  Seawater  Tank.  Nav. 

Ord.  Test  Sta.  Tech.  Rep.  3063, 1-50. 

Lang,  T.  G.  and  Norris,  K.  S.  1966.  “Swimming  Speed  of  a  Pacific  Bottlenose  Porpoise,”  Science, 
vol.  151,  pp.  588-590. 

Lang,  T.  G.  and  Pryor,  K.  1966.  “Hydrodynamic  Performance  of  Porpoises  (Stenella  attenuata,  ” 
Science,  vol.  152,  pp.  531-533. 

Lang,  T.  G.  (1975).  “Speed,  Power,  and  Drag  Measurements  of  Dolphins  and  Porpoises,”  In 
Swimming  and  Flying  in  Nature,  pp.  555-571,  T.  Y.  Wu,  C.  J.  Brokaw,  and  C.  Brennen,  Eds. 
Plenum  Press,  New  York,  NY. 

Lang,  T.  G.  1963.  “Porpoise,  Whales,  and  Fish:  Comparison  of  Predicted  and  Observed  Speeds,” 
Naval  Engineering  Journal,  vol.  75,  pp.  437-441 . 

Lighthill,  M.  J.  1969.  “Hydrodynamics  of  Aquatic  Animal  Propulsion.  A.  REV.  Fluid  Mech.  1,  pp. 
413^6. 

Lighthill,  M.  J.  1970.  “Aquatic  Animal  Propulsion  of  Highhydromechanical  Efficiency,  ”  J.  Fluid 
Mech,  vol.  44,  pp.  265-301 . 

Lockyer,  C.  and  R.  Morris.  1987.  Observations  on  Diving  Behavior  and  Swimming  Speeds  in  Wild 
Juvenile  Tursiops  truncatus.  Aqu.  Mamm.  13.1:31-35. 

McGinnis,  S.  M.,  G.  C.  Whittow,  C.  A.  Ohata,  and  H.  Huber.  1972.  “Body  Heat  Dissipation  and 
Conservation  in  Two  Species  of  Dolphins.  Comparative  Biochemistry  and  Physiology,  vol.  43A, 
pp.  417-423. 


46 


Nowak,  R.  M.  1991.  Walker’s  Mammals  of  the  World.  John  Hopkins  University  Press.  Baltimore, 
MD. 

Pershin,  S.  V.  1969.  Bionika  3.  Izdvo  Naukova,  Kiev. 

Pershin,  S.  V.  1973.  “Hydrobionic  Relationships  of  Nonstationary  Harmonic  Motion  of  Fish  and 
Dolphins  as  Submerged  Bodies  of  Variable  Shape,”  Problems  of  Bionics,  USSR  Acad.  Of  Sci., 
Moscow,  Nauka,  pp.  464-474. 

Pershin,  S.  V.  1988.  Fundamentals  of  Hydrobionics,  Sudostroyeniye  House,  Leningrad. 

Purves,  P.  E.,  W.  H.  Dudok  van  Heel,  and  A.  Jonk.  1975.  “Locomotion  in  Dolphins,  Part  I:  Hydro¬ 
dynamic  Experiments  on  a  Model  of  the  Bottle-nosed  Dolphin,  Tursiops  truncatus,  ”  (Mont.). 
Aqu.  Mamm,  vol.  3,  pp.  5-31. 

Pyatetskiy,  V.  Ye.  1970.  “Kinematic  Swimming  Characteristics  of  Some  Fast  Marine  Fish,” 
BIONIKA,  no.  4,  pp.  12-23. 

Ridgeway,  S.  H.  and  D.  G.  Johnson.  1966.  “Blood  Oxygen  and  Ecology  of  Porpoises  of  Three  Gen¬ 
era,”  Science,  vol.  151,  no.  3709,  pp.  456-458. 

Rosen,  M.  W.  (1959)  Water  flow  about  a  swimming  fish.  United  States  Naval  Ordinance  Test  Sta¬ 
tion  Technical  Publication,  number  2298, 1-96. 

Rosen,  M.  W.  1961.  “Experiments  with  Swinuning  Fish  and  Dolphins.”  Publication  61-WA-203, 1- 
11,  American  Society  of  Mechanical  Engineers. 

Rosen,  M.  W.  1963.  “Flow  Visualization  Experiments  with  a  Dolphin.”  Technical  Publication  Num¬ 
ber  8062,  pp.  1-14,  United  States  Naval  Ordinance  Test  Station. 

Saayman,  G.  S.,  D.  Bower  and  C.  k.  Tayler.  1972.  Observations  on  inshore  and  Pelagic  Dolphins  on 
the  Southeastern  Cape  Coast  of  South  Africa.  Koedo  15: 1-24. 

Scott,  M.  D.,  R.  S.  Wells,  and  A.  B.  Irvine.  1990.  A  Long-Term  Study  ofBottlenose  Dolphins  on  the 
West  Coast  of  Florida.  The  Bottlenose  Dolphin.  Pp.  235-244Academic  Press, 

Semonov,  N.  P.,  V.  V.  Babenko,  and  V.  P.  Kayan.  1974.  “Experimental  Research  on  Some  Features 
of  Dolphin  Swimming  Hydrodynamics.  In  Dolphin  Propulsion,  Echolocation  Research, 
BIONIKA,  no.  8,  Izd-vo  Nauvova  Dumka. 

Shapiro,  A.  H.  1961.  Shape  and  Flow,  the  Fluid  Dynamics  of  Drag.  Doubleday  and  Company,  Gar¬ 
den  City,  NY. 

Sokal,  R.  R.  and  F.  J.  Rohlf.  1981.  Biometry:  The  Principles  and  Practice  of  Statis  in  Biological  Re¬ 
search.  Second  edition,  p.  859,  W.  H.  Freeman  and  Co.,  New  York,  NY. 

Sokolov,  V.,  I.  Bulina,  and  V.  Rodionov.  1969.  “Interaction  of  Dolphin  Epidermis  with  Flow 
Boundary  Layer,”  Nature,  vol.  222,  pp.  267-268. 


47 


Tanaka,  S.  1987.  Satellite  Radio  Tracking  of  Bottlenose  Dolphins.  Nippon  Suisan  Gakkaishi,  53 
(8):  1327-1338. 

Tomlin,  A.  G.  1957.  “Mammals  of  the  USSR  and  Adjacent  Countries,  vol.  IX,  Cetacea  Izdatel’stvo 
Akademi  Nauk  SSSR,  Moskva. 

Triantafyllou,  G.  S.,  M.  S.  Triantafyllou,  and  M.  A.  Grosenbaugh.  1993.  “Optimal  Thrust  Develop¬ 
ment  in  Oscillating  Foils  with  Applications  to  Fish  Propulsion,”  Journal  of  Fluids  and  Structures, 
vol.  7,  no.  2,  pp.  205-224. 

Videler,  J.  and  P.  Kamermans.  1985.  Diffemeces  Between  Upstroke  and  Downstroke  in  Swimming 
Dolphins.  J.  Ex.  Biol.  1 19:265-274. 

Vogel,  S.  1994.  Life  in  Moving  Fluids.  Princeton  University  Press,  Princeton,  NJ. 

Walters,  1962.  “Body  Form  and  Swimming  Performance  in  Scombrid  Fishes,”  American  Zoologist, 
vol.  2,  pp.  143-149. 

Webb,  P.  W.  1975.  “Hydrodynamics  and  Energetics  of  Fish  Propulsion,”  Bull.  Fish.  Res.  Bd.  Can,. 
Vol.  190,  pp.  1-158. 

Webb,  P.  W.  1978.  “Hydrodynamics:  Non-scombroid  Fish.”  In  Fish  Physiology,  vol.  7,  pp.  189- 
237,  W.  S.  Hoar  and  D.  J.  Randall,  Eds.  Academic  Press,  New  York,  NY. 

Wells,  R.  S.,  M.  D.  Scott,  and  A.  B.  Irvine.  1987.  The  Social  Structure  of  Free-Ranging  Bottlenose 
Dolphins.  In  Cuurrent  Mammalogy,  H.  Genoways,  Ed.,  vol.  1,  pp.  247-305,  Plenum,  New  York, 
NY. 

Williams,  T.  M.,  W.  A.  Friedl,  and  J.  E.  Haun.  1993.  “The  Physiology  of  Bottlenose  Dolphins 
(Tursiops  truncatus):  Heart  Rate,  Metabolic  Rate  and  Plasma  Lactate  Concentration  During  Ex¬ 
ercise,”.  J.  Exp.  Biol,  vol.  179,  pp.  31-46. 

Wursig,  B.  and  M.  Wursig.  1979.  “Behavior  and  Ecology  of  the  Bottlenose  Dolphin,  Tursiopd  trun¬ 
catus,  in  the  South  Atlantic,”.  Fish.  Bull.  Fish  Wildl.  Serv.  U.S.,  vol.  77,  pp.  399-412. 


48 


REPORT  DOCUMENTATION  PAGE 


Form  Approved 
0MB  No.  0704’0188 


Public  reporting  burden  for  this  collection  of  Information  Is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  Instructions,  searching  existing  data  sources,  gathering  and 
maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information,  including 
suggestions  for  reducing  this  burden,  to  Washington  Headquarters  Senrices,  Directorate  for  Information  Operations  and  Reports,  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington,  VA  22202-4302, 
and  to  the  Office  of  Management  and  Budget,  Paperwork  Reduction  Prefect  (0704-0188),  Washington,  DC  20503. 


1 .  AGENCY  USE  ONLY  (Leave  blank)  I  2.  REPORT  DATE  I  3.  REPORT  TYPE  AND  DATES  COVERED 


April  1998 _ 


4.  HUE  AND  SUBTITLE 

OBSERVATIONS  OF  DOLPHIN  SWIMMING  SPEED  AND  STOOUHAL 
NUMBER  _ 


6.AUTHOR(S) 

J.  J.  Rohr  F.  E.  Fish  J.  Scardina-Ludwig 

E.  W.  Hendricks  West  Chester  University  SeaWorld  San  Diegc 

L.  Quigley  J.  W.  Gilpatrick 

SSC  San  Diego  National  Marine  Fishery  Service 


J.  Scardina-Ludwig 
SeaWorld  San  Diego 


Final;  FY  1997 


S.  FUNDING  NUMBERS 

PE:  0601 152N 
AN:  DN306760 
WU:  ZU48 


7,  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Space  and  Naval  Warfare  Systems  Center 
San  Diego,  CA  92152-5001 


8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 

TR1769 


9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

Office  of  Naval  Research  (ONR354IR) 

800  North  Quincy  Street 
Arlington,  VA  22217-5660 


10.  SPONSORING/MONITORING 
AGENCY  REPORT  NUMBER 


11.  SUPPLEMENTARY  NOTES 

12a.  DISTRIBUTION/AVAILABIUTY  STATEMENT 

Approved  for  public  release;  distribution  is  unlimited. 

12b.  DISTRIBUTION  CODE 

13.  ABSTRACT  (Maximum  200  words) 

The  objective  of  this  study  was  to  record  maximum  dolphin  swimming  speeds  sustainable  for  several  seconds 
with  free-ranging  and  captive  dolphins  utilizing  different  motivational  strategies.  Recordings  were  used  to  deter¬ 
mine  relationships  between  the  various  kinematic  parameters,  particularly  the  Strouhal  number,  which  character¬ 
izes  dolphin  swimming  motion.  Comparisons  are  made,  where  possible,  with  results  from  previous  studies. 


14.  SUBJECT  TERMS 

Mission  area:  Marine  Manunals 
dolphin  swimming  speed 
Strouhal  number 
swimming  kenematics 


17.  SECURITY  CLASSinCATlON 
OF  REPORT 


Tursiops  truncatus 
Delphinus  delphis 
Pseudorca  crassidens 


18.  SECURITY  CLASSIFICATION 
OF  THIS  PAGE 


19.  SECURITY  CLASSIFICATION 
OF ABSTRACT 


15.  NUMBER  OF  PAGES 


16.  PRICE  CODE 


20.  UMITATION  OF  ABSTRACT 


UNCLASSIFIED 


UNCLASSIFIED 


UNCLASSIFIED 


SAME  AS  REPORT 


NSN  7540-01-280-5500 


Standard  form  298  (FRONT) 


INITIAL 

DISTRIBUTION 

Code  00012 

Patent  Counsel 

(1) 

Code  D0271 

Archive/Stock 

(6) 

Code  D0274 

Library 

(2) 

Code  0027 

M.  E.  Cathcart 

(1) 

Code  00271 

O.  Richter 

(1) 

Code  0363 

J.  J.  Rohr 

(50) 

Oefense  Technical  Information  Center 

Northeastern  Ohio  Universities 

Fort  Belvoir,  VA  22060-6218 

(4) 

College  of  Medicine 

Rootstown,  OH  44272-0095 

SPAWARSYSCEN  Liaison  Office 
Arlington,  VA  22202-4804 

Lori  Quigley 

Gloucester,  MA  01930 

Center  for  Naval  Analyses 

Alexandria,  VA  22302-0268 

San  Diego  State  University 

San  Diego,  CA  92182-0057 

Navy  Acquisition,  Research  and  Oevelopment 

Information  Center  (NAROIC) 

Scripps  Institution  of  Oceanography 

ArUngton,  VA  22244-5114 

La  Jolla,  CA  92093-0202 

GBDEP  Operations  Center 

Sea  World 

Corona,  CA  91718-8000 

Orlando,  FL  32821-8097 

Chief  of  Naval  Research 

Sea  World 

Arlington,  VA  22217-5660 

(6) 

San  Diego,  CA  92109-7995 

Duke  University 

Slippery  Rock  University 

Durham,  NC  27706 

(2) 

SUppery  Rock,  PA  16057-1326 

Inter-American  Tropical  Tuna  Commission 

Smithsonian  Institution 

c/o  Scripps  Institution  of  Oceanography 

La  Jolla,  CA  92038 

Washington,  DC  20560 

Southwest  Fisheries  Science  Center 

Long  Marine  Laboratory  Dolphin  Biology 

La  Jolla,  CA  92038 

Research  Associates 

Sarasota,  FL  34242 

Technion 

Technion  City,  Haifa  3200 

Massachusetts  Institute  of  Technology 

ISRAEL 

Cambridge,  MA  02139 

Texas  A  &  M  University 

National  Marine  Fisheries  Service 

NOAA 

La  Jolla,  CA  92038 

Galveston,  TX  77573 

(3) 


(2) 

(5) 

(4) 


(2) 


University  of  California,  Irvine 
Irvine,  CA  92717 


University  of  North  Carolina  at  Wilmington 
Wilmington,  NC  28403 


University  of  California,  Santa  Cruz  Vassar  College 

Santa  Cruz,  CA  95064  (2)  Poughkeepsie,  NY  12601 

University  of  Michigan  West  Chester  University 

Ann  Arbor,  MI  48109-1115  West  Chester,  PA  19383  (10) 


